Female natal philopatry has often been implicated as an important factor in moose (Alces alces) home range formation, with many populations showing behavioral evidence of sympatric home ranges among related individuals. However, previous genetic studies have failed to detect genetic subpopulation structure, leading to questions as to whether philopatry is a significant factor contributing to intra-and inter-population genetic structure. Here, we examine calving location data from radiomarked individuals (n = 110) collected in 2 separate populations in Berners Bay and Gustavus, Alaska, to examine the extent to which genetic structure originating from philopatry is evident at fine spatial scales. When populations were combined, their overall relatedness correlogram was significant (P < 0.001), with mean r = 0.079 between 0 km and 1.5 km (P = 0.079). Additionally, 13% of the population shows significantly positive relatedness to their 4 nearest neighbors, with an overall average r = 0.19 of those focal individuals to their neighbors. We suggest that habitat structure, especially linear habitats (i.e., river valleys), or habitat bounded with barriers to dispersal, may be a factor in promoting the development of this structure. This study presents the 1st known evidence for fine-scale social genetic structure in moose and natal philopatry to calving locations in moose. In the context of natal philopatry within cervids, these findings identify several cervid-wide commonalities.
Home range formation and space use of cervids have attracted considerable attention over the years. The study of home range formation has led to insights about sexual segregation (Miquelle et al. 1992; Bowyer 2004) , anthropogenic impacts (Lykkja et al. 2009 ), and habitat selection (Herfindal et al. 2009 ). Natal philopatry, the tendency to remain in the area where an individual was born, is thought to be a key dimension in home range formation, especially among cervids Mech 1984, 1999; Porter et al. 1991; Mathews and Porter 1993) , and can have important implications for species conservation and management (Gasaway et al. 1980 (Gasaway et al. , 1985 Finnegan et al. 2012) . For example, natal philopatry among females can lead to demographic independence of even closely located populations , and philopatry of one or both sexes can lead to the development of regional genetic population structure (O'Corry-Crowe et al. 1997; Wang and Schreiber 2001; Roffler et al. 2014) , factors that have important demographic and conservation consequences. Additionally, locally high harvest can have disproportionate impacts on species with high philopatry (Gasaway et al. 1980) . Moose (Alces alces) are thought to exhibit strong female philopatry. Elements of this philopatry can be seasonal in nature Sandegren 1988, 1989) and result in offspring establishing home ranges adjacent to, or overlapping with, their mother's home range (Gasaway et al. 1985; Cederlund and Sand 1992) . This element of natal philopatry can result in moose forming home ranges with considerable overlap with their parent (Gasaway et al. 1985; Cederlund and Sand 1992) . Deer (Odocoileus spp.) have been suggested to exhibit a "rose petal" model of female distribution, where mothers form a core area, and female offspring sets up adjoining home ranges (Porter et al. 1991; Colson et al. 2013) . The appropriateness of the rose-petal model to white-tailed deer (O. virginianus) has been challenged by genetic evidence showing a lack of genetic spatial autocorrelation in some populations (Comer et al. 2005) , however, other populations show substantial signs of genetic spatial autocorrelation (Grear et al. 2010; Kelly et al. 2010; Miller et al. 2010; Cullingham et al. 2011a; Lang and Blanchong 2012) . The development of rose-petal-like spatial structure seems to be influenced by female mortality (primarily via human harvest -Comer et al 2005; Miller et al. 2010) . Although a variety of cervid species have been examined for the genetic predictions of a rose-petallike distribution, moose have not.
Dispersal of moose has been previously estimated by several means, including radiotelemetry of marked subadults, observation of colonization of new habitat, and broad-scale genetic studies, and there has been disagreement between these different data sources. Ballard et al. (1991) found that within a southcentral Alaska moose population, most subadults formed home ranges adjacent to their mother's home range, though 33% had no home range overlap, with males more likely than females to fully disperse. In contrast, Cederlund et al. (1987) found short average dispersal distances (1.5-3 km) that did not differ by sex. Gasaway et al. (1985) noted that the short average dispersal distance (3 km) and high amount of home range overlap was at odds with the approximately 24 km of newly colonized habitat per year observed in interior Alaska and other areas of North America. Indeed, this is at odds with a variety of range expansion rates, which tend to be on the order of approximately 10 km/year, with considerable area-specific variation (Gasaway et al. 1985; Hundertmark 2007) .
Additionally, most large-scale genetic studies of moose have found low levels of population structure (e.g., Schmidt et al. 2009; Finnegan et al. 2012) . The potential vagility of moose is evidenced from studies that have found low or no genetic structure over large geographic domains (Wilson et al. 2003; Schmidt et al. 2009 ). Strong philopatry should generally decrease gene flow, leading to more genetic population differentiation. Thus, the lack of major structure in many regions suggests that natal philopatry either does not exert effects on genetic structure or that it exerts effects on genetic structure but is mitigated by other population processes, such as large effective population size inhibiting genetic drift, or that natal philopatry of one or both sexes is overestimated by radiotelemetry studies. However, the mismatch between the apparent lack of female dispersal and observed range expansion might be explained through long-distance leptokurtic dispersal, the rare dispersal of colonizing individuals, with subsequent population expansion (Ibrahim et al. 1996; Hundertmark et al. 2003) . To explain regional genetic findings, populations with low genetic population subdivision would require the effects of dispersal to override any signal of the differentiating forces of philopatry and genetic drift. To better understand the prevalence of such explanatory phenomena, detailed study focused on intrapopulation structure and testing for social organization or spatial autocorrelation of relatedness can provide key insights.
The rose-petal hypothesis, as previously discussed, suggests that female deer generally organize into clusters of home ranges according to their relatedness owing to female natal philopatry (Porter et al. 1991) . Within this context, examining spatial relatedness during periods critical to individual fitness, such as during the parturition period, is likely to be particularly relevant because selection pressure is greatest at such times. Parturition is a critical period of moose life history, as calf survival is lowest during the first 6 weeks of life due to morphologic immaturity and high rates of predation (Gasaway et al. 1992; Testa et al. 2000; Keech et al. 2011) . The large fitness cost associated with failed reproductive attempts leads to intense selection of birth sites, behavioral decisions that are linked to trade-offs associated with reducing the risk of predation while providing the minimal nutritional requirements for adult lactation (Edwards 1983; Bowyer et al. 1999; Bowyer 2004; Poole et al. 2007 ).
There are multiple plausible mechanisms through which moose might acquire preference for adjoining or overlapping home ranges. Sympatric birth-site selection of adult offspring could arise from natal familiarity with the area. Alternatively, calves tend to acquire the dietary preferences of their mother (Edwards 1976; Gillingham and Bunnell 1989) , and sympatry may arise from learned aggregate foraging preferences, as adjacent sites are likely to be similar to the composition of the natal range. Finally, when the mother rejects her offspring immediately before parturition of a new calf, the newly independent offspring is rapidly displaced approximately 1 km, and that displacement generally expands to between 1.5 km and 3 km by late summer (i.e., August-Gasaway et al. 1985; Cederlund et al. 1987) . Consequently, site preference is established for the adjacent area during the 1st year of independence. Once a preference for a site is formed through any of the above means, it is apparent that moose generally maintain that preference, whether it is for annual home range (Gasaway et al. 1985) or for its calving site (Hundertmark 2007; Tremblay et al. 2007) , through the remainder of their lives. Some variation in the extent of sympatry of related individuals' home ranges is likely to occur due to fine-scale selection pressure associated with site-specific characteristics linked to predation risk, forage characteristics, or other factors (Bowyer et al. 1999) , even as the broad-scale patterns of philopatry are maintained. Based on the previously described observed rates of philopatry in the Alaskan and Swedish radiotelemetry studies (Gasaway et al. 1980 (Gasaway et al. , 1985 Cederlund et al. 1987; Ballard et al. 1991) and the predictions of the rose-petal hypothesis for deer home range formation (Porter et al. 1991) , we predict that moose will exhibit fine-scale, within-population genetic structuring corresponding to the social structure resultant from natal site fidelity. We examine genetic structure during parturition because selective pressure for behavior related to natal site selection is likely to be high. Further, given distances of displacement in newly independent female moose, we predict genetic structuring will be the strongest within small spatial scales (i.e., under 5-10 km). Finally, to investigate the role of habitat heterogeneity, we examine whether within-population genetic structure differs between study areas.
The objectives of this study are 1) assess the presence and degree of intrapopulation genetic structure in Alaskan moose populations, 2) examine whether study sites differ in the level of spatial relatedness, and 3) assess the scale of intrapopulation spatial genetic structure in moose.
Materials and Methods
We studied moose in 2 non-adjoining moose populations in southeastern Alaska: Berners Bay and the Gustavus forelands 790 JOURNAL OF MAMMALOGY (Fig. 1) . The Berners Bay watershed is 115 km 2 and encompasses glacially influenced river systems that are geographically separated by small mountain ranges (elevation up to 1,900 m). Most moose activity in this area is confined to river valleys (i.e., elevations below 150 m- White et al. 2012) . The Gustavus moose population inhabits a recently deglaciated coastal region composed of glacial outwash, a mountain ridge rising between 760 m and 975 m, and an archipelago of over 40 morainal islands varying in size and distance to the mainland. The 600-km 2 area is geographically confined by mountains, to the north and east, and ocean, to the south and west. In both populations, moose are primarily found in deciduous shrublands dominated by willow (Salix spp.), cottonwood (Populus spp.) and alder (Alnus spp.), wet meadow dominated by horsetail (Equisetum spp.) and deciduous shrubs, and to a lesser extent conifer forest composed of Sitka spruce (Picea sitchensis) and western hemlock (Tsuga heterophylla) at various successional stages of development (White et al. 2007 (White et al. , 2012 . The Berners Bay and Gustavus populations are partially migratory, with some individuals in both populations having distinct summer and winter ranges (White et al. 2012 (White et al. , 2014 . Previous work has established that moose in these areas form discrete populations, and there is no population exchange between them Colson 2013) .
Data were collected between 2004 and 2015 in Gustavus, and 2007 and 2015 in Berners Bay. Prior to this period, the Gustavus population had rapidly increased in density and was thought to be either at or above the carrying capacity for the region (White et al. 2007 ). In response to this irruptive behavior, state managers opened an either-sex hunt from 2002 until 2008, which reduced the population from an estimated 520 moose . Hunting in Berners Bay has also historically included limited female harvest, but it is considerably lower than in Gustavus, and stopped before the initiation of this study (Scott 2010) . Generally speaking, Berners Bay individuals had greater fall body condition and fecundity than Gustavus individuals (White et al. (2012 (White et al. ( , 2014 .
Moose captures are described in White et al. (2012 White et al. ( , 2014 . Briefly, animals in Gustavus were captured with both helicopterbased and ground-based methods, whereas Berners Bay individuals were captured by helicopter only. Short yearling (11 month old) and adult animals were captured in March and November each year, using a projectile syringe containing 2.1-3.6 mg of carfentanil citrate and 50-120 mg of xylazine hydrochloride, dependent on season and capture technique. Immobilization was reversed via 210-360 mg naltrexone and 400 mg tolazoline (Taylor 2000) . Ear punches were collected for DNA, along with other standard biological data. Individuals in Berners Bay and Gustavus were fitted with Global Positioning System (GPS) or very high frequency radiotransmitters. Standardized veterinary protocols were used to follow individual response to the immobilization procedure; all captures were consistent with animal welfare guidelines established by the American Society of Mammalogists (Sikes et al. 2011 ) and permitted by the State of Alaska Animal Care and Use Committee permits 03-0023 and 06-14.
All females were monitored for the presence of calves from 25 May through 15 June each year via aerial (fixed-wing and helicopter; Berners Bay and Gustavus) or ground-based surveys (Gustavus only). Ground observations were conducted under University of Alaska Fairbanks Institutional Animal Care and Use Committee permit 235243 and State of Alaska Animal Care and Use Committee approval. During surveys, radiomarked adult females were observed to determine the presence or absence of offspring; locations were georeferenced using a handheld GPS unit. Given that intraannual fidelity to summer sites is high and common in northern populations of moose (Hundertmark 2007; Tremblay et al. 2007 ), we characterized calving location as the earliest location of an individual for which a calf was observed at heel during the calving period of that year. Given the very low female movement rate during this period, this was considered representative of the calving area. In cases where we had multiple years of calving locations, we calculated the geographic median of all their calving locations using ArcMap 10.2 (ESRI 2014).
Markers and PCR.-We used 14 microsatellite loci in 2 multiplexed polymerase chain reactions (PCRs), including BL42, BM203, BM413, BM848 (Bishop et al. 1994 ), OarFCB193 (Steffen et al. 1993 ), RT30, and RT6 (Wilson et al. 1997) in the 1st multiplex, and BM1225, BM888 (Bishop et al. 1994 ), NVHRT21 (Roed and Midthjell 1998) , RT1, RT24, and RT9 (Wilson et al. 1997) in the 2nd multiplex. RT9 was modified to improve PCR characteristics by lengthening the primer pair (D. Paetkau, Wildlife Genetics International, pers. comm.). Markers were chosen based on their ability to amplify in multiplex reactions without undue interference from other markers, as well as known polymorphisms.
PCR reactions were performed using 5 µL of Qiagen Multiplex Master Mix, 1 µL of the multiplexed primer solution, 1.5 µL of template DNA, and 2.5 µL of distilled water. Each reaction was incubated at 95°C for 15 min before undergoing 35 cycles of 30 s each at 95°C, 30 s at 57°C, and 45 s at 72°C. The 35 cycles were ended with a 30-min period of 72°C and an indefinite hold at 4°C. Reactions were separated using an ABI 3730xl genetic analyzer (Applied Biosystems, Foster City, California), using a 500 base pair size standard. Electropherograms were automatically scored through GeneMapper 3.7 software (Applied Biosystems 2014) and checked manually.
Statistical analyses.-We tested for deviations from HardyWeinberg expectations (HWE) on a per-population, per-locus basis using the program Genepop 4.0.11 (Raymond and Rousset 1995) , using 40 batches, 20,000 iterations, and 30,000 burn-in steps. Additionally, we tested for linkage disequilibrium using the program Fstat 2.9.3.2 (Goudet 1995) . Sequential Bonferroni adjustments were used to correct for multiple comparisons (Rice 1989) .
We quantified spatial autocorrelation of Smouse and Peakall genetic distance (Smouse and Peakall 1999; Peakall et al. 2003 ; Banks and Peakall 2012) using GenAlEx 6.5 Smouse 2006, 2012) , by calculating an autocorrelation statistic (r) within defined distance classes. This r approximates Moran's I (Smouse and Peakall 1999) , which corresponds with genetic relatedness (Epperson and Li 1996; Smouse et al. 2008) , ranging from −1 to 1; values less than zero correspond to more dissimilar than expected by chance, whereas zero corresponds to random similarity (i.e., no relatedness), with similarity increasing to 1, or complete genetic identity. Autocorrelation was determined using the method of Smouse and Peakall (1999) . We examined the significance of the results using 9,999 permutations of data to create a 95% confidence interval around the hypothesis of r = 0. A total of 10,000 bootstrap replicates were created to estimate a 95% confidence interval around r for each distance class. Population data were analyzed separately, then combined to produce the final correlogram as recommended by Peakall et al. (2003) . Distances were binned in 1.5 km increments up to 21 km. This distance was chosen to ensure a sufficient number of comparisons in the smallest distance class (Peakall and Smouse 2006) . The populations were combined and the omega statistic (ω-Banks and Peakall 2012) was calculated to detect differences between the correlograms. The ω statistic was also used to determine the overall significance of the merged correlogram relative to a null model of r = 0. We used the critical value of α = 0.01 for interpreting the significance of ω, following Banks and Peakall (2012) . Although use of least-cost paths (LCPs) instead of Euclidean distance has been productive in studies with large amounts of intervening low quality or non-habitat (e.g., McRae 2006; McRae et al. 2008; Laurence et al. 2013) , we found using LCPs to account for the unused intervening ridges within the Berners Bay site (White et al. 2012) did not substantially change the resulting Berners Bay correlogram (results not shown).
To quantify the spatial extent of genetic relatedness, we examined autocorrelation (r) within bins of increasing distance from each individual (Smouse and Peakall 1999; Peakall et al. 2003 ; Banks and Peakall 2012) using GenAlEx. Individuals were examined within distance bins ranging from 0 km to 21 km, in 1.5 km increments (e.g., all individuals within 0-1.5 km, 0-3 km, … 0-21 km). As in the previous analysis, r approximates Moran's I (Smouse and Peakall 1999) . We examined the significance of the results using 9,999 permutations of the data to estimate 95% confidence intervals around the hypothesis of r = 0. Ten thousand bootstrap replicates were used to estimate 95% confidence interval around the estimate of r for each distance class.
Additionally, we quantified genetic structure by computing 2-dimensional local spatial autocorrelation (2D LSA- Double et al. 2005) . In this approach, instead of considering all individuals within a distance class, the autocorrelation statistic r is based on a subset of geographically nearest neighbors to a focal individual. Again, this value closely corresponds to genetic relatedness (Epperson and Li 1996; Smouse et al. 2008) . We chose to perform the 2D LSA using the 4 nearest neighbors, as implemented in GenAlEx 6.5 (Double et al. 2005) , as the 5th or greater nearest neighbor was always more distant than our smallest distance class, 1.5 km, whereas 4th nearest neighbors was the largest value with some individuals in the smallest distance class. We used 9,999 permutations of data to determine whether observed relatedness differed from a null hypothesis of no relatedness. As we hypothesized positive autocorrelation owing to rose-petal-like social structuring, we used a 1-tailed test with α = 0.05 to assess positively correlated genetic structure.
results
We captured and genotyped 91 moose in Gustavus between 2004 and 2015, and 61 moose from Berners Bay between 2007 and 2015. Of these, 6 of the Berners Bay individuals were males and were not considered in analyses. Of the remaining Berners Bay individuals, 42 were observed with offspring at heel during the parturition period during at least 1 year, and of the Gustavus individuals, 68 were observed with an offspring at heel during the same period, for a total of 110 individuals between the study sites.
Markers and PCR.-RT6 was monomorphic in all populations, possibly due to interference from other loci, and was removed from the dataset. No loci within either population deviated significantly from HWE, and F IS was not significantly different than zero (Gustavus F IS = 0.017, P = 0.173; Berners Bay F IS = 0.033, P = 0.113). No loci showed significant linkage disequilibrium when corrected for multiple comparisons.
Statistical analyses.-When all populations were considered together, females between 0 and 1.5 km (r = 0.079; P < 0.001) showed significant positive genetic autocorrelation corresponding to positive relatedness among individuals with calving sites (Fig. 2) . Thereafter, the correlogram approached zero, becoming significantly negative between 6 and 7.5 km (r = −0.029; P = 0.005). Relatedness was also significantly different from zero in the 9-10.5 km and 16.5-18 km bins (r = 0.019, P = 0.033; r = 0.039, P = 0.005, respectively). If the entire correlogram is treated as multiple tests of the same hypothesis (i.e., "spatial autocorrelation does not differ from zero at some distance"), only the 1st distance class is significant after correction for multiple comparisons. The overall correlogram for all populations was significantly different from a pattern of no relatedness (ω = 74.050; P < 0.001). When considered separately, the correlograms for each study area were not significantly different from each other (ω = 39.298; P = 0.0712). Berners Bay had a larger r in the 1st distance class (Berners Bay r = 0.167, Gustavus r = 0.048). When mean r was calculated at varying distance classes from the focal individual (i.e., examining r of all individuals within distance bins centered on the focal individual), we detected significantly enriched relatedness within the 1.5 km threshold (r = 0.079; P < 0.001; Fig. 3 ). Mean r among individuals declined after the 0-1.5 km Fig. 2. --Combined correlogram for Berners Bay and Gustavus. The mean pairwise spatial autocorrelation value (r) among calving sites for all moose populations at different distance classes. Categories represent 1.5 km bins, up to 21 km (e.g., comparisons between pairs 0 and 1.5 km apart, 1.5 and 3 km apart, etc.). Error bars show the 95% confidence interval (CI) around r at each distance class. Shaded regions indicate the 95% CI of the hypothesis of no relatedness (r = 0) for each distance class. Numbers above the points give the number of pairwise comparisons (n) for each distance class. Significance for the hypothesis r = 0 given by: * P < 0.05, ** P < 0.01, *** P < 0.001. Only P < 0.001 (***) is considered significant if the correlogram is corrected for multiple comparisons. distance class, but remained significant to a distance of 0-6 km; mean r of individuals from 0 to 7 km and beyond was not different from unrelated (P ≥ 0.072).
The 2D LSA of calving locations indicates that within Berners Bay, 5 of the 42 moose have significant positive autocorrelation to their 4 nearest neighbors (Fig. 1A) . In the Gustavus population, 9 of 68 moose showed significant positive autocorrelation (Fig. 1B) . The mean distance of the 4 nearest neighbors in Gustavus was 2.6 km, whereas in Berners Bay it was 3.1 km. Mean r for all Berners Bay individuals to their 4 nearest neighbors was r = 0.002, whereas mean r = 0.009 for Gustavus individuals. The mean relatedness of females significantly related to their 4 nearest neighbors across both populations was r = 0.19, the equivalent of slightly above cousin-level neighborhood.
discussion
Our results document 2 cases of fine-scale, intrapopulation genetic structure in moose. Previous evidence has documented genetic structure on the basis of populations and regions (Cronin et al. 2001; Wilson et al. 2003; Charlier et al. 2008; Schmidt et al. 2009; Haanes et al. 2011; Colson 2013; Wennerström et al., in press ). Where spatial autocorrelation in moose has been examined before, it has been examined on large spatial scales using microsatellites in Norway (> 50 km -Haanes et al. 2011) and Sweden (approximately > 25 km-Wennerström et al., in press), or using limited allozyme data in Sweden (> 5 km Wennerström et al., in press ).The results of this study suggest that within smaller spatial scales, 1.5 km, relatedness is greater than would be expected by chance. This would not be expected if the effect of natal philopatry was limited and supports some degree of adjacent home range formation in closely related moose. Philopatry to natal calving areas may be adaptive, given the intense selection pressures associated with calving location, which frequently result in maternal trade-offs between resources and calf survival (Edwards 1983; Bowyer et al. 1999; Bowyer 2004; Poole et al. 2007 ). On average, individuals may benefit by selecting similar areas for calving locations as their mothers, who have previously demonstrated the suitability of the site by successfully rearing at least 1 offspring. Intriguingly, previous work in interior Alaska found that calving microsites have a spatially random distribution, perhaps as a predator avoidance strategy (Bowyer et al. 1999) . Our results suggest that although the spatial distribution of the calving locations (microsites) could be random, the relatedness of the cow moose among those randomly distributed microsites itself is likely not randomly distributed.
Our results for the spatial scale of significant relatedness in moose correspond with previous findings for this species. The extent of spatial structure we detected in this study (> 1 km; Fig.  3 ) is on the scale of average dispersal distances documented for moose in interior Alaska (3.1 km- Gasaway et al. 1985) . This also corresponds to the displacement distance from their mothers of newly independent yearlings in central Sweden (1.5-2.0 km- Cederlund et al. 1987) . A recent analysis of Swedish moose found positive autocorrelation in their smallest bin (5 km) with 2 allozymes that decayed over 400 km in an isolationby-distance-like pattern (Wennerström et al., in press ), similar to previous interpopulation work in Norway (Haanes et al. 2011) . Here, we find relatedness quickly declined between 0 and 6 km, being not significantly different from r = 0 beyond 6 km. Caution must be exercised in drawing direct comparisons between this study and interior Alaska and central Sweden sites, as the terrain, vegetation, moose subspecies, population density, and many other factors vary among studies. Yet, it may suggest that the initial separation between a mother and her female calf is a determining factor in establishing the size of social structure in moose. However, both of the aforementioned studies indicate that social structure is evident at a scale of less than 10 km. In both studies, once dispersal occurred, female calves occupied the same summer ranges for at least their 1st and 2nd summer, which is consistent with other populations in Canada and Sweden (Cederlund and Sand 1992; Tremblay et al. 2007; Finnegan et al. 2012) .
Although our results support fine-scale structure within moose, they do not eliminate the possibility of dispersal within or between populations. The overall level of relatedness within the first 2 distance classes may be consistent with some form of limited, cryptic dispersal. This has previously been proposed as an explanation for the mismatch between observed dispersal rates and range expansion rates (Gasaway et al. 1985) . Indeed, Significance for the hypothesis r = 0 given by: * P < 0.05, ** P < 0.01, *** P < 0.001. Only P < 0.001 (***) is considered significant if the correlogram is corrected for multiple comparisons.
one of the individuals, in Berners Bay, used in this study was genetically assigned to a different source population in the Chilkat Range (Colson 2013) . Dispersal and establishment of unrelated individuals in the home range of kin groups reduces relatedness of adjacent individuals, and this reduction can be large if group size is low.
Our analyses may underestimate the scale of genetic structure within populations due to sampling limitations. The significance of r when computed in the spatial structure analysis of Smouse and Peakall (1999) is considerably more sensitive to sample size than it is to the number of genotyped loci (Banks and Peakall 2012). Consequently, owing to the logistic difficulties in capturing each individual, the sample size of individuals with defined calving locations (n = 110) is moderately low relative to the size of the populations (i.e., we sampled about 20-25% of the adult female population). Sampling radiomarked individuals allows examination of relatedness among calving sites, a feature of moose biology closely linked to fitness, rather than using hunter collected samples taken during arbitrary periods of the year linked to harvest. Nonetheless, it is possible that additional spatial genetic structure exists, but is not discernible at this sample size. Additionally, given the spatial extent over which the populations reside, and that individuals were captured without regard for home range location, it may require a large number of captures to ensure a sizable number of individuals in the lower distance classes. This is reflected in the average distances to the 4 nearest neighbors, the means of which are larger than the smallest distance class of 0 km to 1.5 km in both the Berners Bay and Gustavus populations. Finally, owing to certain constraints, sampling occurred throughout many years. Calving location varies slightly over time in these populations, and that some of the individuals alive at the beginning of the study were not alive at the end. In some cases, the pairwise comparison in the analyses may have been between individuals that did not live at the same time, and so comparisons between them may minimize the true autocorrelation observed in any given year. Multiple years of parturition data were collapsed into a median location, which may not be perfectly reflective of any given calving site, leading to some degree of misclassification of the true distances between individuals. Consequently, the results should be considered conservative relative to the risk of committing a Type 1 error and treated as biased low, and against detection of positive autocorrelative structure.
Owing to our selection of nuclear markers, our study cannot distinguish if gene flow from males erodes the genetic signature of female social structure through long-distance, sexbiased dispersal, as is implicated in white-tailed deer (Lang and Blanchong 2012) . Additionally, the choice of using calving area as a location to identify individuals necessarily precludes the inclusion of males in this analysis. In moose, low mtDNA diversity (Hundertmark et al. 2003) makes it difficult to address this question through selection of sex-specific markers. Nonetheless, the inclusion of males and the use of some other portion of summer range for location may allow future studies to examine this question in detail.
Although our results generally provide support for the rosepetal model of home range formation in moose, our analyses contain results that do not clearly support the model. We determined that 13% of the individuals showed significant autocorrelation to their 4 nearest neighbors, corresponding approximately to slightly above cousin-like relatedness for the individuals with significant r values to their neighbors. However, despite some individuals having high relatedness, we did not detect significant overall relatedness, positive or negative, to their 4 nearest neighbors' calving locations. In contrast, the rose-petal model would predict locally enriched relatedness if calving areas were distributed as such. This result may lead us to infer that although there is fine-scale, rose-petal modellike structuring in moose, there are other unexplained factors that may be important.
There are several biological factors that may have led to reduced spatial genetic structure. The either-sex hunt that occurred in the Gustavus population, up to 25% of the adult female population in some years (Scott 2010) , may have played a role in reducing the number of related female groups detected (Miller et al. 2010) . The 2 populations studied differ substantially in their harvest history; harvest of females has been implicated in eroding opportunity to detect rose-petal-like distributions (Comer et al. 2005; Miller et al. 2010) . The removal of related females might lead to a "plucked rose" like distribution as habitat previously occupied by kin becomes available. This could then be further compounded by the intrusion of unrelated individuals in the vacated habitat. The presence of migratory individuals in the Gustavus population is unlikely to account for the erosion of spatial structure, as 4 individuals with significant positive relatedness to their nearest neighbors are migratory, and Berners Bay has a similar proportion of migratory individuals (K.S. White, Alaska Department of Fish and Game, pers. comm.) . Berners Bay has significantly more rugged topography than Gustavus, and the mountain ranges dividing drainages form a barrier that moose do not cross (White et al. 2012; Fig. 1A) . In contrast, the mountainous terrain in the Gustavus area is lower, is readily crossed, and readily used by some individuals during the summer (White et al. 2014 ; Fig. 1B ). The highly linear structure of Berners Bay may constrain individuals to nearby locations in the same watershed during home range formation and may limit movement options for dispersing individuals. To examine the role of these factors, future work on moose spatial organization should focus on the comparison of populations across a range of landscape types that differ with respect to constraining geography and barriers to dispersal, as well as examining populations with similar topography but differing harvest regimes.
Finally, density may play a role in differences in detecting social structure between the 2 populations. During the study period, Gustavus had considerably higher moose density than Berners Bay (White et al. 2012 (White et al. , 2014 , and body condition was lower in Gustavus (White et al. 2012) , indicating a population close to or exceeding carrying capacity (White et al. 2007 ). Higher density may lead to the overlapping of "rosepetals" from 2 different matrilines, which would erode the local relatedness for both. Additionally, higher density may result in increased dispersal (Gasaway et al. 1985) , which would similarly homogenize intrapopulation structure. Markedly low-density populations may also reduce philopatry. Joly et al. (2015) found little between-year fidelity to calving areas within a very low-density population in Alaska (approximately 0.1 moose/ km 2 ). The lack of interannual fidelity would necessarily impact fine-scale genetic structure. In contrast, a denser, but similarly high nutritional condition population in Norway showed high interannual fidelity (Tremblay 2007) , comparable to other populations (Testa et al. 2000; Welch et al. 2000) . Joly et al. (2015) suggest that the combination of low moose density and high forage abundance found in their system may induce moose to select for high quality forage, causing them to move more frequently and decrease the fidelity to any portion of their potential range.
There have been numerous studies of genetic spatial autocorrelation in other cervid species using the same or comparable methods. One species with a well-developed literature is the white-tailed deer, for which the rose-petal model was developed (Porter et al. 1991; Mathews and Porter 1993) . In a high-density population in West Virginia, Miller et al. (2010) reported stable structure, with r near 0.09 (but see Comer et al. 2005 ). Lang and Blanchong (2012) also found significant genetic spatial autocorrelation in white-tailed deer, within 9.7 km, but with considerably weaker relatedness, which they attribute to sex-biased dispersal. Similarly, white-tailed deer in west-central Canada show sexbiased structure within 500 m, with no structure beyond 1 km in either males or females (Cullingham et al. 2011a ). Grear et al. (2010) found enriched relatedness within 3.2 km, with evidence for sex bias. Among other Odocoileus species, Sitka blacktailed deer (O. hemionus sitkensis) showed significant spatial structure at less than 1 km . Other mule deer (O. hemionus) in western Canada showed structure within the 2 km scale, with maximal r approximately 0.09 for the closest deer, (Cullingham et al. 2011b) , though a study in Montana found no spatial genetic structure (Powell et al. 2013) . Fewer non-Odocoileus spp. cervids have been examined, including red deer (Cervus elaphus- Nussey et al. 2005; Frantz et al. 2008; Bonnot et al. 2010 ) and roe deer (Capreolus capreolus- Biosa et al. 2015) . Studies of red deer have generally found comparable levels of relatedness (r = 0.06, 0.03, 0.044- Nussey et al. 2005; Frantz et al. 2008; Bonnot et al. 2010, respectively) , generally within 1 km. Only 1 study on roe deer has been performed, suggesting that relatedness structuring was greatest in winter, and with sexual conspecifics (Biosa et al. 2015) .
Although comparisons among diverse study systems should be made cautiously, several trends in cervids seem to be emerging. First, there seems to be a general trend toward spatial genetic structuring arising primarily from philopatry. Much of the enriched r occurs within small spatial scales, typically < 2 km, and the greatest r tends to be < 0.1. The spatial genetic structure observed among moose calving sites in this study is similar to that found in other cervids, in both spatial dimension and in levels of relatedness. This suggests that female moose may also exhibit spatial structuring of their home range that originates from natal philopatry, similar to the rose-petal-like species. Additionally, given the consistency of these findings across cervid species that have been examined thus far, moose may be part of a general trend in deer species using rose-petal-like home range formation, especially among females. This spatial social structure has been found both in explicitly resident populations, and now in migratory populations of disparate species, further suggesting generalizability among cervids. However, to date, most work has focused on Holarctic, primarily North American species. There is a need to examine non-Holarctic cervids, especially neotropical populations, which appear woefully underexamined.
In our study, we provide the 1st evidence of intrapopulation spatial genetic structure in moose. We suggest that geographic structure of populations may be an important factor in promoting intrapopulation genetic structure. Our study also provides the 1st evidence known for, at least, limited natal philopatry of moose during the calving season. These findings strengthen our understanding of the origin of moose population structure at multiple scales, and, broadly, our knowledge of sociality and home range organization in cervids. We thank G. Roffler and P. Barboza for their helpful review of early drafts of this manuscript. We also thank 2 anonymous reviewers for helpful comments on this manuscript, including 1 who suggested the "plucked rose" metaphor. 
